What is the basis for the sequence specificity of these effects? It has been proposed that maternal macronuclear sequences could act by sequestering sequence-specific protein factors that would otherwise interfere with amplification of the homologous sequences in the developing macronucleus (You et al., 1994) . However, this model is difficult to reconcile with the rescue activity of several non-overlapping fragments of the A gene, and with the activity of wild-type cytoplasm, which indicates that the d48 strain lacks a cytoplasmic product normally needed for amplification. Available data, including the greater efficiency of larger fragments, are more consistent with the idea that sequence specificity is achieved by pairing interactions (Kim et al., 1994; You et al., 1994) . This model implies that nucleic acids from the maternal macronucleus are imported into the developing macronucleus, where pairing interactions could induce epigenetic modifications of homologous germ-line sequences, allowing their amplification. To explain the rescue activity of incomplete A-gene fragments, the epigenetic imprint should be able to spread some distance along the sequence. The structure of rescued macronuclear chromosomes has not been fully characterized; different plasmids may rescue different average lengths of sequences, leading to different copy numbers of functional A genes. Telomere addition regions would simply mark the imprecise boundaries of these imprints.
Homology-Dependent Induction of Macronuclear Deletions
A related phenomenon has been described in the sibling species P. primaurelia, which further supports the gen- a macronuclear telomere, results in a specific terminal deletion of the gene in sexual progeny of transformed required. Furthermore, several non-overlapping fragcell lines. Although partial reversions of this macroments are effective, although they appear to have differnuclear deletion were observed in subsequent autogament rescue efficiencies, as measured by the capacity of ies, variant cell lines could be derived in which macrosexual progeny to express the A gene. Interestingly, nuclear telomere addition reproducibly occurs in the large fragments are generally more efficient than short middle of the coding sequence. Here again, genetic ones, and co-transformation with non-overlapping fraganalyses confirmed that the germ-line genome remains ments has an additive effect (Kim et al., 1994; You et wild-type. al., 1994) .
The generality and sequence-specificity of this effect Can sequence-specific maternal effects be evidenced was tested with different, non-overlapping G-gene plasin the developmental processing of other genomic remids, which were shown to induce similar terminal delegions? Scott et al. (1994) have addressed this question tions (reviewed by Meyer and Duharcourt, 1996) . Interusing a Mendelian mutant with a germ-line deletion of estingly, different plasmids induce different deletion the B gene (another surface antigen gene). By replacing breakpoints, but these also appear to depend in part the micronuclei of the mutant with wild-type microon the local germ-line sequence. The effect can further nuclei, they created a new strain analogous to d48: the be reproduced in other genomic regions and is not regerm-line genome is wild-type, yet the terminal macrostricted to surface antigen genes. Transformation with nuclear deletion of the B gene is maternally transmitted a sequence located at an internal position in a macroto sexual progeny. Like d48, this macronuclear mutation nuclear chromosome was shown to induce a reproduccan be rescued by transforming the maternal macronuible set of internal deletions encompassing the injected cleus with B-gene sequences. Thus the maternal control sequence, indicating that transformation-induced macof A-gene processing is not an isolated case. Furtherronuclear deletions do not necessarily imply chromomore, transformation of the macronucleus of a double some fragmentation and telomere addition. Thus, transmacronuclear mutant with A or B-gene sequences showed the rescue mechanism to be gene-specific.
formation of the maternal macronucleus with high copy numbers of a circular plasmid targets the homologous genomic region for deletion (or underamplification) in the developing macronucleus, although deletion boundaries can be located at some distance from the injected segment. Terminal deletions result when the injected segment is close to a macronuclear telomere. These observations cannot be explained by the titration of sequence-specific factors interfering with amplification in the developing macronucleus, as specific macronuclear deletions are here attributable to an excess of homologous sequences in the old macronucleus, not to their absence. As in the d48 rescue experiments, the similar effects of non-overlapping fragments strongly suggest the involvement of pairing interactions. Could such a model explain the apparently conflicting results of the two types of experiments? One possibility is that differences arise from transformation procedures. Indeed, microinjection can lead to highly variable copy numbers and structures of the plasmids maintained in the transformed macronucleus. While there are no data concerning the influence of plasmid copy number in the rescue effect, the deletion effect is only observed when the copy number of the transforming plasmid is well above the normal ploidy of the macronucleus. Furthermore, deletions are much more efficiently induced when the plasmid is injected as a circular molecule, as opposed to a pre-linearized molecule. The replicating linear multimers obtained by injection of circular molecules carry many sequence discontinuities, being produced by end-to-end joining of randomly linearized monomers and Tycko, 1996) in a study of repeat-induced gene fected. A plasmid containing the IES sequence alone is silencing in Arabidopsis, where the pairing of homoloenough to cause excision inhibition. However, a quantigous sequences flanked by heterologous sequences tative analysis showed that the presence of the flanking was proposed to induce chromatin condensation. sequences, which have no effect by themselves, inSpecific Inhibition of IES Excision creases the efficiency of excision inhibition (relative to As for DNA elimination associated with chromosome plasmid copy number); excision was found to be most fragmentation, genetic studies have shown that an episensitive to the endogenous maternal IES in its normal genetic mechanism can regulate IES excision (Duharchromosomal location.
court et al., 1995). A 222 base pair IES interrupting the
The greater efficiency found with larger flanking recoding sequence of the G gene was first observed to gions argues against a model in which the maternal IES be specifically retained in the macronuclear genome titrates a limiting protein factor specifically required for during successive autogamies of P. tetraurelia lines with excision of this IES. As in the rescue of macronuclear an entirely wild-type germ-line genome (IES ϩ lines). deletions, sequence specificity is more likely to be Crosses with the wild-type IES Ϫ line, which regularly achieved by pairing interactions. In both cases, pairing excises the IES (Figure 2 , Panels A and B), showed that of the germ-line sequence with a colinear maternal molethe IES ϩ and IES Ϫ characters are maternally inherited, cule could induce epigenetic modifications leading to suggesting that they are determined during macroits maintenance in the macronuclear genome. While it nuclear development by the maternal macronucleus. Inremains to be seen whether other IESs can also inhibit deed, transformation of the wild-type macronucleus their own excision, the fact that this IES can only be with plasmids carrying fragments of the G gene with or excised if it is absent from the maternal macronucleus without the IES showed that the presence of the IES in may explain why pseudo-IES boundaries found in macthe maternal macronucleus results in retention of the ronuclear sequences are not used for excision. Such a IES in the developing macronucleus ( Figure 2C ). This maternal effect is specific, as excision of other IESs combination of epigenetic tagging and weak consensus would allow the use of a relatively simple rearrangement Ciliates have evolved a trans-nuclear communication system with limited sequence specificity, which may system through which alternative somatic editions of be the easiest way to carry out the enormous task of the genome can be transmitted across sexual generarearranging the whole genome.
tions. If genome rearrangements translate patterns of A very similar phenomenon has been described in epigenetic modifications during macronuclear developTetrahymena thermophila (Chalker and Yao, 1996) , ment, they may provide a unique opportunity to study where transformation of the vegetative macronucleus the poorly understood mechanisms through which these with either of two single-copy IESs was shown to induce patterns, now recognized to play a major role in eukaryan epigenetically inherited IES ϩ state. One difference otic development, are established. with Paramecium is that, after conjugation of trans-
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It is perhaps of particular significance that the first pro- Yao, M.-C. (1996). Trends Genet. 12, 26-30. tein shown to be involved in developmental DNA eliminaYou, Y., Scott, J. and Forney, J. (1994) . Genetics 136, 1319 Genetics 136, -1324 tion in any ciliate appears to be a heterochromatin-associated protein, not a sequence-specific DNA-binding protein (Madireddi et al., 1996 [this issue of Cell] ). The protein, Pdd1p, was identified in Tetrahymena as an abundant developmentally-regulated protein which specifically accumulates in developing macronuclei. The involvement of this protein in DNA elimination has now been clearly established by cytological observations showing that it colocalizes in discrete structures with germ-line-specific DNA at the known time of its elimination. Cloning of the PDD1 gene revealed that it contains two chromodomains, a protein motif found in many heterochromatin-associated proteins. The association of Pdd1p with heterochromatin, which is further supported by cytological data, strongly suggests that the bulk of germ-line-specific DNA (mostly repetitive sequences) is eliminated as heterochromatin. Should the protein also be involved in the elimination of single-copy sequences, it would certainly point to heterochromatin formation as a mechanistic step that could possibly be regulated. Sequence-specific regulation of heterochromatin formation may well involve pairing interactions. Indeed, pairing interactions have been proposed to determine epigenetic states in such diverse phenomena as repeatinduced gene silencing (Rossignol and Faugeron, 1994) , position-effect variegation (Sabl and Henikoff, 1996) , and genomic imprinting (Monk, 1995) , raising the intriguing possibility that homology searches are part of a fundamental process through which the cell monitors its genome and regulates its expression.
